A receiver for positioning with LTE signals, which could mitigate multipath in a computationally efficient fashion is presented. The receiver uses an orthogonal frequency division multiplexing (OFDM)-based delay-locked loop (DLL) to track the received LTE signals. The ranging error performance in an additive white Gaussian noise (AWGN) channel is evaluated numerically. The results demonstrate robust and accurate performance for high transmission LTE bandwidths. The proposed receiver is evaluated on a ground vehicle in an urban environment. Experimental results show a root mean squared error (RMSE) of 5.36 m, a standard deviation of 2.54 m, and a maximum error of 12.97 m between the proposed LTE receiver and the GPS navigation solution over a 1.44 Km trajectory. The robustness of the obtained pseudoranges with the proposed receiver are demonstrated against two algorithms: estimation of signal parameters by rotational invariance techniques (ESPRIT) and EKAT (ESPRIT and Kalman filter).
I. INTRODUCTION
Traditional approaches to address the limitations of global navigation satellite system (GNSS) have focused on fusing GNSS receivers with dead-reckoning systems and map-matching algorithms [1] [2] [3] . Over the past decade, a new paradigm has emerged to address GNSS limitations, which is to exploit ambient signals of opportunity (SOPs), such as cellular, digital television, AM/FM, WiFi, and iridium satellite signals [4] [5] [6] [7] [8] [9] [10] [11] . Among the different SOPs, cellular signals are particularly attractive due to their ubiquity, geometric diversity, high received power, and large bandwidth [12] . Cellular signals can be exploited for localization to either produce a navigation solution in a standalone fashion [13, 14] or to aid the inertial navigation system (INS) in the absence of GNSS signals [15, 16] . Moreover, it has been demonstrated that fusing cellular signals with GNSS signals when available significantly improves the positioning accuracy [17, 18] .
One of the main navigation sources of error that arises when using cellular signals is multipath. Received cellular signals experience more multipath than GNSS signals, particularly for ground-based receivers in urban canyons, due to the low elevation angles at which signals are received [19] . High transmission bandwidth signals could resolve multipath, making cellular long-term evolution (LTE) signals attractive due to their large bandwidth (up to 20 MHz).
The positioning performance achieved with LTE signals has been analyzed in the literature [20] [21] [22] [23] and several softwaredefined receivers (SDRs) have been proposed for navigation with real and laboratory-emulated LTE signals [24] [25] [26] . Experimental results demonstrated navigation solutions with different types of LTE reference signals in different environments, achieving meter level accuracy [12, 19, [26] [27] [28] .
The cell-specific reference signal (CRS) is one of the possible reference sequences in the received LTE signal that has been shown to yield accurate positioning when exploited due to its large transmission bandwidth [19] . Its high bandwidth (up to 20 MHz) enables resolving the line-of-sight (LOS) signal from multipath signals in the environment. The CRS is transmitted to estimate the channel between the LTE base station (also known as Evolved Node B or eNodeB) and the user equipment (UE).
The CRS is scattered in the bandwidth and is transmitted in multiple symbols of the LTE frame, making the usage of computationally inexpensive delay-locked loops (DLLs) for tracking the signal infeasible. Several non-DLL-based approaches have been proposed. A super resolution algorithm (SRA)-based technique was developed in [29, 30] to obtain the best case performance for positioning with the CRS. While this method provided meter level accuracy, it was computationally expensive and not suitable for real-time implementation. A first peak detection was proposed in [24, 26] to obtain the time-of-arrival (TOA) using the CRS. While this method is computationally inexpensive, it is impractical to detect the first peak of the channel impulse response when the multipath has short range. This paper proposed a novel receiver that deals with the shortcomings of the SRA-based and first-peak-detection-based receivers. The proposed receiver is computationally-efficient and robust to multipath effects. A specialized orthogonal frequency division multiplexing (OFDM)-based DLL is designed to track the CRS signals. The performance of this receiver is compared against two methods: estimation of signal parameters by rotational invariance techniques (ESPRIT) [31] and EKAT (ESPRIT and Kalman filter) [30] . The comparison is made in terms of the accuracy of the produced pseudoranges and implementation cost.
The remainder of this paper is organized as follows. Section II presents a brief review of the LTE signal structure and transmission signal model. Section III discusses the receiver architecture. Section IV presents the experimental results for a ground vehicle navigating exclusively with real LTE signals and compares the proposed receiver against the ESPRIT and EKAT algorithms. Section V concludes the paper.
II. LTE SIGNAL MODEL
In this section, the structure of the LTE signals is first discussed. Then, the signals that can be used for positioning in LTE systems are provided. Finally, the received signal model is presented.
A. Frame Structure
In OFDM, which is used in the LTE downlink transmission, the serial data symbols are first divided into groups of length N r . Then, each group is parallelized, zero-padded to length N c , and an inverse fast Fourier transform (IFFT) is taken, resulting in an OFDM symbol. The last L CP elements of the symbol are repeated at the beginning to provide the cyclic prefix (CP) and are used to suppress the interference due to multipath. A symbol has duration of T symb = 1/∆f , where ∆f = 15 KHz is the subcarrier spacing. In LTE systems, the values of N r and N c , which represent the bandwidth W (in MHz), are not unique and can be assigned to [32] (N r , N c , W ) = (72, 128, 1.4), (180, 256, 3), (300, 512, 5), (600, 1024, 10), (900, 1536, 15), (1200, 2048, 20) .
The resulting OFDM symbols are grouped into frames with a duration of 10 ms. In frequency-division duplexing (FDD) transmission, each frame is divided into 20 slots with a duration of 0.5 ms. Each slot with a normal CP allocation contains seven OFDM symbols. In a normal CP allocation, the CP of the first symbol of each slot has duration of 5.21 µs and the rest of the symbols' CPs have a duration of 4.69 µs.
B. Ranging Signals
In every LTE frame, two signals namely the primary synchronization signal (PSS) and the secondary synchronization signal (SSS), are transmitted to provide the frame start time to the UE. The PSS is a Zadoff-Chu sequence of length 62, which is transmitted on the last symbols of slots 0 and 10. The PSS is transmitted in one form of three possible sequences, each of which maps to an integer representing the sector ID of the eNodeB, i.e., N (2) ID ∈ {0, 1, 2}.
The SSS is also an orthogonal sequence of length 62, which is transmitted on the sixth symbol of slot 0 or 10. This orthogonal sequence is defined based on N (2) ID and the slot number in which the SSS is transmitted. The SSS is transmitted in one of 168 possible forms, each of which maps to an integer representing the eNodeB's group identifier, i.e., N ID , the UE can obtain the eNodeB's cell ID as [32] 
The CRS is another transmitted signal, which can be used for ranging. The CRS, which is scattered in time and bandwidth, is transmitted for channel estimation purposes. The CRS is an orthogonal sequence, which is defined based on the cell ID, the allocated symbol, slot, and the transmission antenna port number. The eNodeB's cell ID indicates the designated subcarriers to the CRS. In this paper, the CRS transmitted on the i-th symbol is denoted by S i (m), where 
C. Received Signal Models
It is assumed that the i-th OFDM symbol is transmitted in a multipath fading channel, which stays constant over the duration of a symbol and has the channel impulse response
where L is the number of multipath components; α i (l) and τ i (l) are the relative attenuation and delay components, respectively, of the l-th path with respect to the first path; α i (0) = 1 and τ i (0) = 0; and δ is the Dirac delta function. Therefore, the i-th received symbol after removing the CP and taking a fast Fourier transform (FFT) in a perfect synchronization condition will be
where Y i (k) is the i-th transmitted OFDM symbol, C is the received signal power due to the antenna gain and any implementation loss,
, and
is the channel frequency response. In general, there is a mismatch between the estimated received symbol timing and the actual one, which can be due to imperfect synchronization or clock drift. Assuming that this mismatch is less than the CP duration, the received signal can be rewritten as
where e θ =θ − θ represents the symbol timing error normalized by the sampling interval T s = T symb /N c , andθ and θ are the normalized estimated and true symbol timings, respectively.
III. RECEIVER ARCHITECTURE
The structure of the proposed LTE SDR is shown in Fig. 1 . As can be seen in Fig. 1 , the nodes A and B can switch between 1, 2, and 3. This connection is assigned based on the stage in which the receiver is operating. In the first stage, where A and B are connected to 1, the receiver obtains a coarse estimate of the frame start time by acquiring the PSS and SSS. In the second stage, where A and B are connected to 2, the receiver refines the initial estimate using the ESPRIT algorithm. In the last stage, where A and B are connected to 3, the receiver tracks the signal in which a fine estimate of the TOA is obtained. Each stage is discussed in details the following subsections. 
A. Stage 1: Initial Acquisition
In the first stage, a coarse estimate of the frame start time is obtained. This enables the receiver to convert the received signal into a frame structure. For this purpose, the UE first correlates the received signal with the locally generated timedomain PSS signal [26] . The peak of the correlation result shows the position of the PSS, which can be used for obtaining the symbol timing. Then, the signal is correlated with the locally generated time-domain SSS signal. The correlation result is used to estimate the frame start time and to calculate the cell ID. The PSS and SSS have approximately 1 MHz bandwidth; therefore, the peak of the correlations may have a bias compared to the true frame timing in a multipath environment.
Knowing the coarse estimate of the frame start time, the LTE signal can be converted into the frame structure by removing the CPs and taking an FFT. Assuming that the bias in the frame start time estimation is less than the CP length, the received signal model follows (2).
B. Stage 2: Acquisition Refinement
In the second stage, the symbol timing error, e θ , is estimated using the ESPRIT algorithm. The details of this method are discussed in [30] . The normalized estimated symbol timing error,ê θ , can be divided into two parts: integer, Int{·}, and fractional, Frac{·}, given byê
where −1 ≤ Frac{ê θ } ≤ 0. The integer part is used to control the FFT window, and the fractional part is removed from the signal using a phase rotation in R ′ i as
Therefore, the remaining symbol timing error will beẽ θ = e θ −ê θ , and the i-th received symbol on the subcarriers carrying the CRS can be written as
C. Stage 3: Tracking
In the third stage, a DLL is used to track the symbol timing. In conventional DLLs (e.g., dot-product) the TOA error is obtained as a function of the early, late, and prompt correlations, which are the correlation of the received signals with locally generated early (advanced), late (delayed), and prompt versions of the code sequence, respectively. The CRS is scattered in the bandwidth, which makes obtaining its time-equivalent form infeasible. As a result, obtaining the time-domain correlation of the received signal and the code will not be possible and conventional DLLs cannot be used to track the CRS. In this paper, a specialized DLL will be designed specifically for tracking the CRS in LTE systems. This DLL is an adaptation of [33] for OFDM systems.
Since a shift in the time-domain is equivalent to a phase rotation in the frequency-domain, the locally generated early and late code signals for the i-th OFDM symbol can be obtained respectively as
where m = 0, 1, · · · , M − 1 and 0 < ξ ≤ 1/2 is the normalized time shift. The early and late correlations in the frequency-domain can be expressed respectively as
The discriminator function is defined as
where for a channel without multipath, S d (ẽ θ , ξ) is the normalized S-curve function defined as
and N i,d represents the noise with zero-mean and variance [33] var
where equality holds for ξ = 0.5. In the following analysis, ξ is set to be 0.5. Fig. 2 shows the normalized S-curve. In a noise-free environment, the point at which the discriminator function is zero represents the TOA. However, noise can move the zero crossing point asẽ
Therefore, the open-loop error due to noise, which is called pseudorange error, is a random variable with zero-mean and variance
which is obtained by assuming M ≫ 1 and carrier-to-noise ratio C/N 0 ≫ 1 dB-Hz, and by defining the power spectral density of noise as S n (f ) N 0 /2 = σ 2 . Fig. 3 The output of the discriminator function is first normalized by the slope of the S-curve, k d , which represents the symbol timing error plus noise. Then, a DLL loop filter is used to achieve zero steady-state error. It can be assumed that the symbol timing error has linear variations, which can be due to the clock drift or receiver movement, and a second-order loop filter can provide zero steady-state error. Therefore, the normalized output of the discriminator function is first smoothed using a first-order low-pass filter (LPF) with a transfer function given by
s ,
where ω n,d is the undamped natural frequency of the delay loop, which can be related to the DLL noise-equivalent bandwidth B n,DLL by B n,DLL = 0.53 ω n,d [34] . The output of the filter, which is the rate of change of the symbol timing error expressed in s/s, is then accumulated to update the frame start time estimate according tô
whereê θ k is the k-th frame normalized symbol timing error estimate, T sub = 10 ms is the subaccumulation period, and v DLL is the output of the filter. Finally, the integer part of the frame start time estimate is used to control the FFT window and the fractional part is removed using the phase rotation in R i .
IV. EXPERIMENTAL RESULTS
To evaluate the performance of the proposed receiver, an experiment was conducted using a ground vehicle in an urban multipath environment: downtown Riverside, California. In this section, the experimental setup and results are discussed.
A. Experimental Setup
In this experiment, a ground vehicle was equipped with two consumer-grade 800/1900MHz cellular omnidirectional Laird antennas to receive the LTE signals at 739 MHz and 1955 MHz carrier frequencies. These frequencies are used by the U.S. LTE provider AT&T. A dual-channel National Instruments (NI) universal software radio peripheral (USRP)-2954R driven by a GPS-disciplined oscillator (GPSDO) was used to simultaneously down-mix and synchronously sample LTE signals with 20 Msps. The vehicle was also equipped with one surveyor-grade Leica antenna to receive GPS signals. The GPS signal, which was down-mixed and sampled by a single-channel NI USRP-2930, was used to discipline the USRP clock oscillators, and samples of the GPS signal were stored and later used to produce the vehicle "ground truth." A laptop was used to store the GPS and LTE signals for post-processing. Fig. 4 shows the experimental setup.
After collecting the LTE and GPS samples along the vehicle's trajectory, the stored LTE signals were processed using the proposed Multichannel Adaptive TRansceiver Information eXtractor (MATRIX) LTE SDR to obtain the pseudoranges. The GPS signal was processed using the generalized radionavigation interfusion (GRID) SDR [35] . An extended Kalman filter (EKF) was used to obtain the navigation solution using the navigation framework discussed in [19] . The GPS navigation solution was used to initialize the EKF states. Finally, the navigation solution obtained by the LTE SDR was compared against the GPS navigation solution, which was assumed to be the ground truth.
The characteristics of the eNodeBs to which the receiver was listening during the experiment are presented in Table I . The position of the eNodeBs were mapped prior to the experiment. 
B. Experimental Results
Over the course of the experiment, the ground vehicle traversed a trajectory of 1.44 Km in 90 s with an average speed of 16 m/s. The obtained pseudoranges with the proposed LTE SDR for each eNodeB is shown in Fig. 5(a) with dashed lines. The receiver had access to its actual position using the stored GPS signal. Therefore, the actual ranges of the receiver to each eNodeB can be obtained and is shown in Fig. 5(a) with solid lines. For the purpose of comparison, the initial values of the pseudoranges and actual ranges are removed in Fig. 5(a) . It can be seen that the change in pseudoranges follows the actual ranges closely. Fig. 5(b) shows the relative errors between the pseudoranges and their corresponding ranges. In this figure, it was assumed that the mean of each error is due to the difference of the clock biases between the receiver and the transmitter. Therefore, the mean of the obtained errors for each eNodeB was removed from the entire error, and the plotted errors have zero-mean. The results show that the standard deviation of the pseudorange errors for eNodeBs 1 to 4 are 6.2, 2.38, 4.11, and 7.37 m, respectively. The difference in the obtained standard deviations can be attributed to several factors, including: (1) different transmission bandwidth, (2) different multipath environment, and (3) different clock drifts. Fig. 6(a) shows the distance error between the navigation solution obtained by the LTE SDR and that of the GPS navigation solution over time. The experimental cumulative distribution function (CDF) of the error is shown in Fig.  6(b) . A summary of the LTE navigation performance is summarized in Table II . 
C. Comparison with Other Methods
In this subsection, the performance of the proposed method is compared with the ESPRIT and EKAT algorithms discussed in [29] . The ESPRIT algorithm is known to provide highly accurate TOA estimation. However, this method needs perfect knowledge of the channel impulse response length, L, to provide accurate results. Minimum description length (MDL) method is an approach that can be used to estimate L; but, this method tends to overestimate the channel length. As a result, the ESPRIT TOA estimation has an outlier. The effect of these outliers can be reduced significantly using a Kalman filter and a predetermined threshold on the vehicle's speed, which is called EKAT in [29] . Fig. 7 shows the pseudoranges obtained by the ESPRIT, EKAT, and the proposed receiver for all the eNodeBs. It can be seen that the pseudoranges obtained by ESPRIT have significant outliers, which is improved in EKAT. The pseudoranges shown in Fig.  7 are obtained using the same parameters as [29] . It can be seen that the pseudoranges obtained by the proposed receiver are significantly more robust and accurate. In terms of complexity, the ESPRIT and EKAT algorithms have complexity on the order of O(N 3 c ), which is mainly due to the singular value decomposition (SVD) operator. However, the complexity of the proposed receiver on in the order of O(N c logN c ), which is due to the FFT operator.
V. CONCLUSION
This paper presented a low-cost, robust, and accurate receiver design for navigating exclusively with LTE signals in multipath environments. A brief review on the LTE signals structure and the ranging signals was first presented. The structure of the proposed receiver was presented. Experimental results comparing the navigation solutions obtained from GPS versus LTE utilizing the proposed receiver was provided. The experimental results showed an RMSE of 5.36 m, a standard deviation of 2.54 m, and a maximum error of 12.97 m over a 1.44 Km trajectory. Finally, the proposed receiver's performance was compared with the ESPRIT and EKAT algorithms, demonstrating robust and accurate pseudoranges with a significantly lower computational cost.
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